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Abstract 
The measurement of damage evolution in metal materials during plastic deformation accurately and conveniently remains a 
challenging problem for current research. In this study, a convenient ductile damage measurement procedure is proposed. The 
damage value can be evaluated by continuous uniaxial tension with the digital image correlation and direct current potential 
drop techniques. The development of methodology and experimental setups is discussed in details. The ductile damage values 
obtained by the proposed approach are consistent with those obtained by the micro-hardness method. The full-field damage 
distribution can also be calculated besides the ductile damage evolution. 
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1. Introduction 
Over the past two decades, continuum damage mechanics has played an important role in modeling the failure 
behavior. Lemaitre and Dufailly (1987) proposed many experimental techniques to quantify the damage 
parameters when implementing the continuum damage models. Among these techniques, monitoring the variation 
of Young’s modulus and micro-hardness are two mechanical property-based damage quantification methodologies 
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which are widely used to measure the ductile damage. Great efforts have been made by many researchers to 
improve the accuracy, reliability and practicability on ductile damage measurement. Celentano and Chaboche 
(2007) proposed a damage identification procedure to obtain the true damaged Young’s modulus by eliminating 
the effect of triaxial stress state with numerical simulation and iterative method. Joncour et al. (2010) applied 
digital image correlation technique to make the stress correction on the necking area in order to obtain more 
accurate damage values. Mkaddem et al. (2006) proposed a new procedure to identify the damage parameters 
based on a series of micro-hardness measurements that are performed along the axis of a tensile test specimen 
loaded up to failure. Tasan et al. (2009 and 2010) scrutinized the reliability of indentation-based damage 
quantification, and a new indentation-based methodology is developed by eliminating the influence of the 
microstructural heterogeneity to properly capture the damage-induced degradation with a dedicated heat treatment. 
Various non-mechanical methods (Lemaitre J., 1996) can be used to identify the ductile damage parameters, such 
as the density, ultrasonic wave, the electrical resistance, as well as the digital image correlation technique. Hild et 
al. (2006) and Claire et al. (2007) proposed a procedure to identify the damage variables and their growth with 
loading in two dimensions by using only full-field displacement measurements. Wu et al. (2011) evaluated ductile 
damage by making 3D digital image correlation analysis on both sides of specimens with 4 cameras. Although 
resistance-based damage quantification methodologies are very sensitive to damage, these methods are rarely used 
to measure the ductile damage at large deformation due to the existence of necking. Tasan et al. (2012) conducted 
an in-depth comparison of six theoretically equivalent methodologies, and pointed out that it was still a difficult 
and challenging task to quantify the ductile damage during plastic deformation accurately and conveniently. This 
paper presents a methodology to calculate the ductile damage evolution during continuous uniaxial tension by 
combining the digital image correlation and direct current potential drop techniques. 
2. Methodology 
For uniaxial tension of metals, the changes of electrical resistance at room temperature are mainly caused by the 
changes of geometries and electrical resistivity due to plastic deformation and damage. The traditional method is 
difficult to separate the electrical resistance changes due to plastic deformation or damage for the coupling of these 
two factors especially when the non-uniform deformation occurs.  
As the initial thickness of the specimen is constant, the evenly spaced subsets of the region of interest can be 
taken as the representative volume elements. Although the full-field true strains of the representative volume 
elements can be obtained by the digital image correlation method, yet the resistance gained by the direct current 
potential drop method is an overall resistance of the region of interest. The overall resistance increment  kR' at the 
kth loading step can be redistributed twice along the longitudinal direction and the transverse direction respectively.  
The average resistance increment of each column kjR'  after first distribution can be obtained by 
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The resistance increment kijR'  of the representative volume element can be obtained by distributing kjR'  along 
the transverse direction. 
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Then the relationship between kijR'  and kijH'  , kR'  can be established by combining Eq. (1) and Eq. (2). 
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Then the total resistance of the representative volume element kijRc  at the kth loading step can be determined by: 
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The overall resistance cR  of the whole ROI can also be calculated according to the relationships of series 
and parallel resistance of the representative volume elements. 
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In order to separate the resistance caused by plastic deformation from the total resistances of the 
representative volume elements, linear fitting can be conducted onto the resistance kijR  and the corresponding 
true strain kijH  of the representative volume elements before damage occurs.  
    ,                                                                                                     (6)k kij RVE ij RVER a bH   
where RVEa  and RVEb  are the fitting coefficients.  
Another reasonable assumption can be made that Eq. (6) remains in effect if there is no damage occurring at the 
non-uniform deformation stage. Then the resistance of each representative volume element before and after 
damage can be calculated at each loading step by Eqs. (6) and (4), respectively.  
According to the definition of resistance, the resistance of the RVE can be expressed as 
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where ijU , ijA , ijR  and ijL  represent the electrical resistivity, the section area, the electrical resistance and the 
length of the undamaged representative volume element respectively.  
Whereas, for a damaged representative volume element of the same length, the resistivity affected by the 
damage can be described according to Bridgman’s law:  
3/ 2(1 ) ,                                                                                          (8)ij ij KDU Uc    
where ijUc  are the resistivity of the undamaged representative volume element, D  is the damage value, and 
K  is a constant which usually equals to 2 for metals.  
The effective area of the damaged representative volume element can be represented as  
(1 ) .                                                                                               (9)ij ijA A Dc    
Then the relationship between the resistances of damaged and undamaged representative volume elements 
can be described as:  
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where ijRc  is the resistance of the damaged representative volume element.  
Then the damage values of the representative volume elements can be calculated at every loading step by 
applying the above equations to the whole uniaxial tension process.  
3. Experimental platform and procedures 
The experimental setups are mainly composed by a tensile testing machine, a SLR camera Nikon D90, a DC-
Resistance Meter, as shown in Fig. 1.  
 
 
Fig. 1. Setups of the testing platform (1-uniaxial tensile specimen with random speckles; 2-insulation sheets; 3-clamping devices ; 4-light 
sources; 5-camera; 6-DC resistance meter; 7-computer). 
During the continuous loading uniaxial tensile tests, the full-field deformation and the overall resistance of the 
ROI are recorded with a shooting frequency of 1shoot/2s by the camera and the DC resistance meter respectively. 
The accuracy of self-developed digital image correlation system is about 0.2%, which is high enough to measure 
the plastic deformation (Zhang, 2012). The DC resistance Meter with the basic accuracy 0.1% (type HK3540-3) is 
made by HopeTech Company. The subsize specimens of American Society for Testing and Materials standards are 
adopted in this paper. Two kinds of materials with 1mm thickness, SPCC and SUS304 from BaoSteel company are 
tested. The yield stress and ultimate tensile stress of the samples are 235MPa and 347 MPa for SPCC, and 307 
MPa and 803 MPa for SUS304. 
4. Results and discussions 
The continuous uniaxial tensile tests are conducted in this study. The load-resistance-loading step curves of 
SPCC and SUS304 are shown in Fig. 2. The total electrical resistance of each representative volume element at 
different loading step can be obtained after twice redistribution of the overall resistance according to Eq. (1) to Eq. 
(4). The electrical resistance-true strain curves are shown in Fig. 3. As we can see from this figure, the relationship 
between the electrical resistances and true strains of representative volume elements is linear before diffused 
necking. In order to obtain the electrical resistances of representative volume elements before damage, the robust 
linear fitting method is applied to the datas before diffused necking. Then the fitting coefficients in Eq. (6) can be 
obtained. The electrical resistances of representative volume elements before damage in the necking region can be 
evaluated with extropolation, as shown in Fig. 3. 
The damage values can be evaluated according to Eq. (10). Taking the last loading step before rupture as an 
example, the damage distribution is shown in Fig. 4. The damage values at the necking region are much larger than 
those far from the necking region in the longitudinal direction, and the damage differences are much smaller in the 
lateral direction. The damage increments of the representative volume elements are mainly in the necking region 
because of the localized deformation, and those out of the necking region are nearly zero.  
The damage evolution of the representative volume elements during the whole uniaxial tension process can also 
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be obtained. The mean damage values at different strain levels are shown in Fig. 5. The relationship between the 
damage and true strain nearly keeps linearly for both materials tested in this study with the proposed method. The 
damage evolution also can be measured by micro-hardness method. The damage values at different strain levels 
with the micro-hardness method are shown in Fig. 5. As we can see from this figure, the slope of the damage curve 
and the damage values at high strain levels measured with the proposed method are larger than those obtained with 
the micro-hardness method for SPCC, and obvious deviations still can be observed at middle strain levels for 
SUS304. Generally, the damage curves of the materials tested in this study obtained by the proposed method are 
basically consistent with those gained by the micro-hardness method.  
 
      
Fig. 2. Load-resistance-loading step curves: (a) SPCC; (b) SUS304. 
    
Fig. 3. Electrical resistance-true strain curves: (a) SPCC; (b) SUS304. 
 
Fig. 4. Damage distribution at last loading step before rupture: (a) SPCC; (b) SUS304. 
1060   Zhang Saijun et al. /  Procedia Engineering  81 ( 2014 )  1055 – 1060 
   
Fig. 5. Comparison of damage evolution: (a) SPCC; (b) SUS304. 
5. Conclusions 
The ductile damage curves can be obtained conveniently with the digital image correlation and direct current 
potential drop techniques. Two sample materials, SPCC and SUS304, are tested with the proposed method. The 
ductile damage curves of both tested materials are linear, and the onset of initial damage and the critical damage 
value before rupture can be obtained directly. The proposed method in this study benefits from the lower cost, time 
saved and full field capabilities. 
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